Neurons in the avian cochlear nucleus angularis (NA) receive glutamatergic input from the auditory nerve, and GABAergic input from the superior olivary nucleus. Physiologically heterogeneous, NA neurons perform multiple functions including encoding sound intensity information. Using in vitro wholecell patch recordings from acute brain slices and immunohistochemistry staining, we investigated neuromodulation mediated by metabotropic glutamate and GABA receptors (mGluRs and GABA B Rs) in NA neurons. Based on their intrinsic firing patterns in response to somatic current injections, NA neurons were classified into onset, damped, and tonic cells. Pharmacological activation of group II mGluRs, group III mGluRs, and GABA B Rs, by their respective agonists, suppressed the cellular excitability of non-onset firing NA neurons. Each of these agonists inhibited the glutamatergic transmission in NA neurons, in a cell type-independent manner. The frequency but not the amplitude of spontaneous release of glutamate was reduced by each of these agonists, suggesting that the modulation of the glutamatergic transmission was via presynaptic actions. Interestingly, activation of group I mGluRs increased cellular excitability and suppressed glutamatergic transmission in non-onset neurons. These results elaborate that auditory processing in NA neurons is subject to neuromodulation mediated by metabotropic receptors activated by native neurotransmitters released at NA.
Introduction
The avian cochlear nucleus has two anatomically and physiologically distinct components, the nucleus magnocellularis (NM) and nucleus angularis (NA), forming separate central auditory pathways encoding information about the temporal and multiple features of sound, respectively (review in Carr and Soares, 2002; Grothe et al., 2004) . NM neurons send excitatory inputs bilaterally to the nucleus laminaris (NL) where interaural time difference (ITD) is first computed, whereas some NA neurons send excitatory inputs to the posterior part of the contralateral dorsal nucleus of lateral lemniscus (LLDp, formerly VLVp, the nucleus ventralis lemnisci lateralis pars posterior) where interaural level difference (ILD) is first encoded (review in MacLeod and Carr, 2007) . NA neurons receive both excitatory and inhibitory inputs. The excitatory inputs from the auditory nerve use glutamate as the neurotransmitter. Excitatory postsynaptic currents (EPSCs) of NA neurons are graded, small in amplitude, and are mediated by both AMPA and NMDA receptors (MacLeod and Carr, 2005) . The inhibitory inputs to NA originate primarily from the superior olivary nucleus (SON), using both GABA and glycine as the neurotransmitters. Activation of ionotropic GABA and glycine receptors gives rise to depolarizing inhibition due to a relatively high intracellular chloride concentration in NA neurons (Kuo et al., 2009) . Besides activating ionotropic receptors that mediate fast neural responses, glutamate and GABA also activate metabotropic receptors that exert neuromodulation on intrinsic and synaptic neuronal properties, regulating cellular excitability, spike timing, and signal processing (review in Ulrich and Bettler, 2007; Niswender and Conn, 2010) . Neuromodulatory function of metabotropic glutamate and GABA receptors (mGluRs and GABA B Rs) in the avian timing-coding pathway (NM and NL) has been extensively elucidated (review in Lu, 2014) . In contrast, the roles of neuromodulation in NA remain unknown.
The majority of NA neurons are believed to be multi-functional besides encoding the intensity of sounds (K€ oppl and Carr, 2003) . While some NA neurons possess monotonic rate-intensity functions, in which spike discharge rate increases with increasing sound levels, others have non-monotonic functions (Warchol and Dallos, 1990; Sato et al., 2010) . This is in marked contrast with NM neurons, all of which have monotonic rate-intensity functions (Warchol and Dallos, 1990) . Due to their heterogeneity in morphology as well as in physiology, NA neurons have a variety of forms in their rate-intensity functions, with different dynamic ranges (K€ oppl and Carr, 2003) . This property of NA neurons points to the possibility of cell type-dependent mGluR autoreceptormediated modulation of synaptic excitation in NA, while such auto-regulation is not detected in NM neurons (Otis and Trussell, 1996; Tang et al., 2013) . Our working hypothesis is that activation of mGluRs or GABA B Rs modulates glutamate transmission and cellular excitability in NA neurons, and the modulation may be cell type-dependent given the heterogeneity of NA neurons. Using in vitro whole-cell patch recordings from acute brain slices, we showed that activation of either mGluRs or GABA B Rs by exogenous agonists suppressed glutamate transmission and regulate cellular excitability of NA neurons. Contrary to our expectation, neuromodulation in NA neurons was not cell type-dependent except for the action of group I mGluRs on synaptic excitation, suggesting a relatively universal modulatory role of these receptors in NA.
Methods

Slice preparation and in vitro whole-cell recordings
Brainstem slices (250e300 mm in thickness) were prepared from chick embryos (E17-19), as described previously (Tang et al., 2009) , with modification of the components of the artificial cerebrospinal fluid (ACSF) used for dissecting and cutting the brain tissue. The ACSF used for dissecting and slicing the brain tissue contained (in mM): 250 glycerol, 3 KCl, 1.2 KH 2 PO 4 , 20 NaHCO 3 , 3 HEPES, 1.2 CaCl 2 , 5 MgCl 2 , and 10 dextrose, pH 7.4 when gassed with 95% O 2 and 5% CO 2 . The procedures have been approved by the Institutional Animal Care and Use Committee (IACUC) at Northeast Ohio Medical University, and are in accordance to NIH policies on animal use. Slices were incubated at 34e36 C for >1 h in normal ACSF containing (in mM): 130 NaCl, 26 NaHCO 3 , 3 KCl, 3 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 and 10 glucose (pH 7.4). For recording, slices were transferred to a 0.5 mL chamber mounted on a Zeiss Axioskop 2 FS Plus microscope (Zeiss, Germany) with a 40Â water-immersion objective and infrared, differential interference contrast optics. The chamber was continuously superfused with ACSF (1e2 mL/ min) by gravity. (Kuo et al., 2009) . The use of a K þ -based internal solution allows for the identification of cell type based on intrinsic firing properties recorded in current clamp, followed by studies of synaptic responses recorded in voltage clamp. Placement of recording electrodes was controlled by a motorized micromanipulator MP-225 (Sutter Instrument, Novato, CA). The liquid junction potential was 10 mV, and data were corrected accordingly. Voltage and current clamp experiments were performed with an AxoPatch 200B (Molecular Devices, Union City, CA). Voltage clamp recordings were obtained at a holding potential of À60 mV, unless indicated otherwise. Data were low-pass filtered at 3e10 kHz, and digitized with a Data Acquisition Interface ITC-18 (Instrutech, Great Neck, NY) at 20 kHz. Recording protocols were written and run using the acquisition and analysis software AxoGraph X (AxoGraph Scientific, Sydney, Australia).
Synaptic stimulation and recordings of synaptic responses
Extracellular stimulation was performed using concentric bipolar electrodes with a tip core diameter of 127 mm (World Precision Instruments, Sarasota, FL). The stimulating electrodes were placed using a Micromanipulator NMN-25 (Narishige, Japan).
Square electric pulses of 200 ms duration were delivered through a Stimulator A320RC (World Precision Instruments, Sarasota, FL). Evoked excitatory postsynaptic currents (EPSCs) were elicited with electrical shocks delivered to the afferent fibers ventral and lateral to NA. EPSCs were recorded in the presence of GABA A receptor blocker SR95531 (Gabazine, 10 mM), and glycine receptor blocker strychnine (1 mM). Optimal stimulation parameters were selected for each cell to give rise to postsynaptic currents close to maximal amplitude.
All chemicals and drugs were obtained from Sigma (St. Louis, MO) except for 3,5-Dihydroxyphenylglycine(3,5-DHPG),
, and baclofen, which were obtained from Tocris (Ballwin, MO). Drugs were bath-applied using a gravity-driven perfusion system.
Data analysis
The resting membrane potential was read from the amplifiers immediately after whole-cell configuration was established. Detection of spontaneous EPSCs (sEPSCs) was performed using protocols published previously (Lu, 2007) . Briefly, a template with defined rise time and decay time constant was used to detect sEPSCs. The values of the parameters for the template were determined based on the average of real sEPSC events. The detection threshold was 3 times the noise standard deviation, which allowed the detection of most of the events with the least number of falsepositives.
Statistical analyses were performed using Excel (Microsoft, Redmond, WA) and Statview (Abacus Concepts, Berkeley, CA), and graphs were made in Igor (Wavemetrics, Lake Oswego, OR). Means and standard deviations (SD) are reported (n in parenthesis indicates number of cells). Statistical differences were determined by ANOVA post hoc Fisher's test, assuming normal distribution of data.
mGluR immunostaining
Chick hatchlings were deeply anesthetized with Fatal-Plus (Vortech Pharmaceuticals Ltd., Dearborn, MI) and transcardially perfused with 4% paraformaldehyde (PFA, pH 7.4) in phosphate buffer. Brains of chicken embryos were dissected out after decapitation without transcardial perfusion. The brains were post-fixed in PFA for 2 h at room temperature and then overnight at 4 C, rinsed thoroughly in phosphate-buffered saline (PBS), and vibratomesliced (50 mm in thickness). Free-floating sections were processed for immunohistochemistry with standard avidin-biotin-peroxidase methods (Vectastain Elite ABC; Vector Laboratories, Burlingame, CA). Sections were incubated in 10% normal goat serum in Trisbuffered saline (TBS) containing 0.3% Triton X-100 and avidin (200 mL/mL) for 3e4 h. After a brief rinse in TBS, the sections were incubated in the mGluR II and III-specific antibodies (rabbit, Abcam Inc; 1:200 for both group II and III mGluRs, order number: 901171) in TBS containing 2% normal goat serum and biotin (200 mL/mL) overnight at room temperature. The specificity of the antibodies has been confirmed in chicken tissues (Tang et al., 2013) . After rinsing in TBS, the sections were incubated in biotinylated goat anti-rabbit IgG (1:1000) for 1 h, rinsed in TBS, and incubated in ABC Elite solution (5 mL/mL) for 1 h. After rinsing in PBS, the sections were processed with 0.06% 3,3-diaminobenzidene HCl and 0.006% H 2 O 2 diluted in PBS for 15 min. The immunolabeling was enhanced by incubation in 0.003% osmium tetroxide in PBS for 30 s. After thorough rinsing, the sections were mounted on gelatin-coated slides, dehydrated, and coverslipped. Negative control experiments were performed with omission of the primary antibody. Images were taken with a high-resolution CCD camera system (Spot camera, Diagnostic instruments Inc, Sterling Heights, MI) mounted on an Olympus Provis AX70 microscope (Japan).
Results
Basic intrinsic neuronal properties of NA neurons
NA neurons are heterogeneous in their morphology and physiology. Based on their intrinsic spiking properties in response to prolonged somatic current injections and their morphology, NA neurons are classified into three different cell types (onset, damped, and tonic) in late chicken embryos (E16-E19) . We used animals with similar age range (E17-E19). Chickens are precocial animals, and hearing onset (the ability to detect ambient sound) occurs in ovo, at E16 (Jones et al., 2006) . The neuronal properties of auditory brainstem neurons are fairly mature by E18 (Gao and Lu, 2008) . Adult-like hearing thresholds and behavioral maturation in hearing responses are reached at hatching (Gray and Rubel, 1985; Manley et al., 1991) . Therefore, it is likely that the cellular data obtained in late embryos in this study represent approximately the properties at maturation, although further refinement of the neuronal properties occurs after hatching. The onset and tonic firing patterns, but not the damped pattern, persist into hatchlings (Fukui and Ohmori, 2003) . We first confirmed the basic intrinsic properties of NA neurons, using protocols similar to previous studies MacLeod and Carr, 2005) . Onset cells fired a single spike at the beginning of the depolarizing suprathreshold current injections (duration of 200 ms), followed by a subthreshold voltage plateau (Fig. 1A ). This firing pattern is a characteristic hallmark of time coding neurons in the auditory system (Oertel, 1999) . Damped cells produced a few spikes at the onset of suprathreshold current injections, followed by spikes with usually reduced amplitude and subthreshold membrane oscillations (Fig. 1B ). This type of firing pattern was observed in late embryos ; and this study), but not in hatchlings (Fukui and Ohmori, 2003) . Tonic cells responded with trains of action potentials to suprathreshold current injections, without obvious reduction in spike amplitude (Fig. 1C) . Tonic cells were not further divided into subtypes in our study. When the number of action potentials (during the duration of 200 ms) was plotted against the amplitude of the injection currents Based on the firing patterns in response to suprathreshold current injections into their cell bodies, NA neurons were classified into three types, consistent with a previous study . A. Onset cells fired a single spike at the onset of the prolonged (200 ms) current injections. B. Damped cells generated a few spikes at the onset, followed by spikes with reduced amplitude. C. Tonic cells responded with trains of action potentials throughout the period of the current injections. D. Number of action potentials was plotted against the amplitude of the injected currents relative to the threshold current (the minimal current required to elicit spikes). Onset cells (n ¼ 15) had a flat input-output function. Damped cells (n ¼ 14) showed adaptation, with an increase in the number of spikes in response to increasing currents and reduced spiking to more depolarizing current steps. Tonic cells (n ¼ 17) showed an increase in number of action potentials with increasing current amplitude. The scale bars in panel A apply to panels B and C. Cells were held in current clamp at their resting membrane potential (RMP), which was À60, À59, and À53 mV for the neurons in A, B, and C, respectively. The chart recordings in panels A, B, and C are sEPSCs recorded under voltage clamp at À60 mV. The onset neuron appeared to have higher frequency sEPSCs than the other two types of neurons (Table 1) . In this and subsequent figures, Means ± SD are shown. relative to the current threshold (the minimal current required to elicit spikes), onset cells (n ¼ 46) had a flat input-output function. Damped cells (n ¼ 22) showed adaptation in spiking activity, with an increase in the number of spikes in response to increasing currents and a slightly reduced spiking to more depolarizing current steps. Tonic cells (n ¼ 30) showed an increase in the number of action potentials with increasing current amplitude.
To further distinguish these cell types, we compared the basic membrane properties as well as parameters of their sEPSCs (Table 1 ). There were no significant differences in their resting membrane potential (RMP) among different cell types. However, tonic cells had significantly higher input resistance and lower current threshold (I th ) than onset cells, consistent with observations in the mammalian cochlear nucleus, where bushy cells (onset firing) had lower input resistance than stellate cells (tonic firing) at various developing stages . For sEPSCs, onset cells had higher frequency and amplitude but faster decay kinetics than the other two cell types ( Fig. 1; Table 1 ).
Activation of group I mGluRs increased excitability and suppressed EPSCs of NA neurons in a cell type-dependent manner
Eight mGluRs have been identified, which are further classified into 3 groups (group I: mGluR 1 and 5; II: mGluR2 and 3; and III: mGluR 4, 6, 7, and 8) based on their pharmacology, homology, and signal transduction pathways (review in Kew and Kemp, 2005; Nicoletti et al., 2011) . Selective agonists for each group of mGluRs have been developed. For example, the agonist DHPG can activate group I mGluRs at an EC 50 of 6e60 mM. DCG-IV selectively activates group II mGluRs at an EC 50 of 0.1e0.3 mM. Meanwhile, L-AP4 activates mGluR 4, 6, and 8 at an EC 50 less than 1 mM, but a much higher concentration (>100 mM) is required to activate mGluR7 (review in Cartmell and Schoepp, 2000) . These three agonists were chosen to be used in this study, at a concentration at least three times higher than their EC 50 . The specificity of these drugs in chicken tissue has been tested and confirmed in our previous studies (e.g., Lu, 2007; Tang et al., 2009 Tang et al., , 2013 . In addition, the selectivity of these agonists on avian mGluRs has also been tested by other investigators (Caramelo et al., 1999; Dutar et al., 1999; Gomes et al., 2004; Kreimbog et al., 2001; Sampaio and Paes-deCarvalho, 1998; Tasca et al., 1999) .
Intrinsic neuronal properties including voltage-gated Na þ and K þ (Na v and K v ) channels are subject to modulation by second messenger systems via G-protein-coupled receptors (review in Cantrell and Catterall, 2001; Steinert et al., 2008) . To examine whether cellular excitability of NA neurons was modulated by mGluRs, we activated mGluRs using bath application of agonists selective for each group while recording membrane voltage D and E. DHPG significantly reduced the amplitude of EPSCs of non-onset cells (n ¼ 28: 7 onset, 10 damped, and 11 tonic cell). In this and subsequent figures, *, **, and *** indicate P < 0.05, P < 0.01, and P < 0.001, respectively (ANOVA post hoc Fisher's test unless indicated otherwise). Cells were held at the RMP and À60 mV for current and voltage clamp recordings, respectively.
responses of NA neurons to somatic current injections. Activation of group I mGluRs did not affect the excitability of onset firing neurons (data not shown), but increased cellular excitability of non-onset firing neurons, without changing their firing patterns. DHPG (100 mM) increased the spike counts in response to prolonged suprathreshold current injections, and the responses were not recovered after washout of DHPG ( Fig. 2A and B) . We plotted the total spike number against the amplitude of the injected currents relative to the threshold. Results showed increased excitability of NA neurons when group I mGluRs was activated, and the effect began when the injected current exceeded 200 pA above threshold (Fig. 2B, n ¼ 7) . Synaptic transmission can be modulated by each of the three groups of mGluRs, which can act as either autoreceptors or heteroreceptors (review in Cartmell and Schoepp, 2000) . To determine whether the glutamatergic transmission in NA neurons was modulated by mGluRs, we activated mGluRs using bath application of agonists selective for each group while recording EPSCs from NA neurons. Synaptic responses of NA neurons were elicited by delivering electrical stimulation to the afferent fibers innervating the NA. We applied GABA A R antagonist SR95531 (10 mM) and glycine receptor antagonist strychnine (1 mM) to block synaptic inhibition in order to isolate EPSCs. DHPG (100 mM) suppressed EPSCs in a cell type-dependent manner. DHPG (100 mM) significantly reduced the amplitude of EPSCs in non-onset cells, without affecting the amplitude of EPSCs in onset cells (Fig. 2CeE , P < 0.01; n ¼ 28: 7 onset cells, 10 damped cells, and 11 tonic cells). The suppressive effect of DHPG on EPSCs in non-onset cells was partially washed out, resulting in partial recovery of the responses. It is worthy noting that rundown of the currents over time may have occurred in this type of whole-cell recordings, due partially to the dilution of critical intracellular molecules involved in Fig. 3 . Activation of group II mGluRs suppressed excitability and EPSCs in a cell-type specific manner. A. Sample membrane voltage recordings of one tonic firing NA neuron (RMP: À53 mV) in response to a negative current injection (À0.4 nA) and two suprathreshold (0.2 and 0.75 nA) current injections. Bath-application of mGluR II agonist DCG-IV (2 mM) reduced the number of spikes. B. The number of spikes of non-onset cells was plotted against the amplitude of the injected currents relative to the threshold currents.
DCG-IV slightly reduced the overall spike count, and strongly suppressed cellular excitability at higher current injections (>600 pA) (n ¼ 6). C. mGluR II antagonist LY341495 (200 nM) increased the overall spike count at higher current injections (>700 pA) (n ¼ 5), and the effect was long lasting, without recovery after washout of LY341495. D. EPSC amplitude of one NA neuron was plotted against time. The insets show the averaged EPSCs obtained under conditions of control (a), DCG-IV (b), and washout of the agonist (c). E. DCG-IV significantly reduced the amplitude of EPSCs of the non-onset cells and slightly reduced the amplitude of EPSCs of the onset cells (n ¼ 29: 14 onset, 5 damped, and 10 tonic cells). A partial recovery was observed after washout of DCG-IV. F. LY341495 significantly increased the amplitude of EPSCs of the non-onset cells, indicating endogenous activity of group II mGluRs on the modulation of EPSCs (n ¼ 16: 8 onset, 8 non-onset). G-I. Expression of group II mGluRs in the NA (delineated by the red dashed line) was detected at different ages (E18, n ¼ 2 animals; P1eP2, n ¼ 3 animals; P7eP9, n ¼ 2 animals). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) maintaining the receptor channel activity. This could have also resulted from a gradual sealing up of the membrane opening at the tip of the patch electrodes, which would have increased the access resistance and consequently reduced the current amplitude. In addition, the possibility of long-term depression cannot be excluded (Tang et al., 2013 ), although we did not record the currents long enough to determine whether such a plasticity exists.
Activation of groups II and III mGluRs suppressed excitability and EPSCs of NA neurons
Activation of group II mGluRs by bath application of agonist DCG-IV suppressed cellular excitability of non-onset firing neurons, without changing their firing patterns (Fig. 3A and B) . DCG-IV (2 mM) reduced the spike counts in response to prolonged suprathreshold current injections, and the responses largely recovered after washout of DCG-IV (Fig. 3A) . The effect was especially prominent at higher current injections when the current exceeded 600 pA above threshold (Fig. 3B, n ¼ 6) . Further analyses showed that DCG-IV depolarized the cellular membrane, and widened AP width and reduced AP height, without changing the membrane resistance or the threshold for AP generation (Table 2) . DCG-IV (2 mM) suppressed EPSCs in a cell type-independent manner. DCG-IV (2 mM) significantly reduced the amplitude of EPSCs, with normalized EPSC amplitude during DCG-IV being 0.53 ± 0.08 compared to control in the non-onset cells whereas 0.68 ± 0.23 in onset cells (Fig. 3DeE , P < 0.01; n ¼ 29: 14 onset cells, 5 damped cells, and 10 tonic cells). LY341495 (200 nM), an antagonist of group II mGluRs, slightly increased the overall spike count at high current injections (>700 pA) (n ¼ 5). The effect seemed to be long lasting, without recovery after washout of LY341495 (Fig. 3C ). LY341495 significantly increased the amplitude of EPSCs on the non-onset cells, indicating endogenous activity of group II mGluRs on the modulation of EPSCs (Fig. 3F , n ¼ 16: 8 onset, 8 nononset cells). To support our physiological observations, the presence of group II mGluRs in the NA was studied using immunostaining techniques. Our data showed that antibodies against group II mGluRs detected relatively consistent expression of the receptors in NA neurons at three different ages (Fig. 3GeI) . The same antibody also detected expression of group II mGluRs in the chicken cerebellum (Tang et al., 2013) , which was used as a positive control.
Activation of group III mGluRs by L-AP4 (10 mM) suppressed cellular excitability of NA neurons, and reduced spike counts of the cells in response to varying suprathreshold current injections, with relatively large variation among different neurons ( Fig. 4A and B; n ¼ 6). L-AP4 (10 mM) also significantly reduced the amplitude of EPSCs, with normalized EPSC amplitude during L-AP4 application being 0.44 ± 0.09 compared to the control in a cell typeindependent manner (Fig. 4DeE , P < 0.01; n ¼ 25: 8 onset cells, 8 damped cells, and 9 tonic cells). CPPG (10 mM), an antagonist of group III mGluRs, increased the overall spike count at higher current injections (>550 pA) and decreased spike count at lower current injections (Fig. 4C, n ¼ 7) , without altering the threshold current or AP width and height ( Table 2 ). The increased excitability at higher current injection is consistent with the suppressive effect of L-AP4, but the reason for the reduced excitability at lower current injections was unclear. CPPG significantly increased the amplitude of EPSCs of onset cells, and the effect appeared to be more significant after CPPG application had been terminated, reflecting a prolonged action of CPPG (Fig. 4F , n ¼ 23: 10 onset, 13 non-onset cells). Immunostaining results showed expression of group III mGluRs in the NA, and the immunoreactivity in similar area of NA (in coronal brain stem slices in which NA tended to be the largest in area) appeared to become weaker in hatchlings (Fig. 4GeI) , suggesting mGluR subtype-dependent developmental regulation in NA. Although the immunostaining was fairly light, negative control experiments with omission of the primary antibody showed complete absence of staining (data not shown).
Activation of GABA B Rs suppressed excitability and EPSCs of NA neurons
Neurons in the NA receive inhibitory inputs primarily from the superior olive and also from locally distributed inhibitory neurons (Takahashi and Konishi, 1988; Carr et al., 1989; Yang et al., 1999; Monsivais et al., 2000) . GABA is believed to be the major neurotransmitter mediating the inhibition in avian auditory brainstem, although glycinergic input is also present in NA neurons (Kuo et al., 2009) . GABA can activate both ionotropic GABA A Rs as well as metabotropic GABA B Rs. GABA B Rs are highly expressed in the chicken auditory brainstem neurons including NA neurons (Burger et al., 2005) . To test whether GABA B Rs modulate neuronal properties of NA neurons, we examined the effects of a specific GABA B R agonist baclofen. Activation of GABA B Rs by baclofen at a saturating concentration (100 mM) dramatically reduced the spike counts of NA neurons in response to suprathreshold current injections ( Fig. 5A and B, n ¼ 7), without changing the threshold current or AP width and height ( Table 2 ). The inhibitory effect appeared to be irreversible because we observed no recovery of cellular excitability after washout of baclofen. While rundown of the EPSCs may account partially for this, it remains to be determined whether longterm depression of EPSCs was induced by baclofen at NA. Baclofen (100 mM) also significantly reduced EPSCs to 31 ± 8% of the control independent of cell types (Fig. 5CeE , P < 0.01; n ¼ 13: 6 onset cells, 4 damped cells, and 3 tonic cells), and the effect sustained throughout the recording period.
Loci for mGluR-and GABA B R-mediated modulation of glutamate transmission
The loci for G-protein-coupled receptor (GPCR) action on synaptic transmission can be presynaptic, postsynaptic, or both. Direct evidence supporting presynaptic modulation loci of GPCRs needs to derive from presynaptic physiological recordings. However, because the size of most presynaptic terminals is very small, such recordings have been successfully achieved in only few large synapses like the glutamatergic terminals at the medial nucleus of 80.3 ± 13.0 80.7 ± 13.6 82.7 ± 15.0 0.933 n: cell number; Mean ± SD are shown. *p < 0.05, **p < 0.01, one-way ANOVA. Post hoc Fisher's test detected significant difference in: RMP, AP half width, and height between control and DCG-IV.
trapezoid body (Forsythe, 1994) . Therefore, the conclusion about loci of GPCR modulation relies on indirect evidence from studies that examine the effects of GPCR activation on miniature transmitter release, pair-pulse ratios (PPR), and variation coefficients of synaptic responses (e.g., Piet et al., 2003; Valenti et al., 2003; Chu and Moenter, 2005) . To determine the loci of mGluR-and GABA B R-mediated modulation of glutamate transmission in the NA, we examined the effects of different mGluR and GABA B R agonists and antagonist on spontaneous EPSCs (sEPSCs) and PPR of evoked EPSCs. In the NA, sEPSCs recorded in slice preparations represent miniature EPSCs (mEPSCs), because blocking action potentialdependent release does not affect sEPSCs in NA neurons (MacLeod and Carr, 2005) . Group II mGluR agonist DCG-IV (2 mM)
significantly reduced the frequency of sEPSCs and PPR (Fig. 6A , n ¼ 8: 5 onset and 3 tonic cells, P < 0.01), whereas the amplitude of sEPSCs remained unchanged (Fig. 6A3 , n ¼ 8, P > 0.05). Group III mGluR agonist L-AP4 (10 mM) produced similar effects (Fig. 6B , n ¼ 7: 1 onset cell, 2 damped cells, and 4 tonic cells), and so did group I agonist DHPG (Fig. 6C , n ¼ 19: 8 onset, 6 damped, and 5 tonic cells). LY341495 (200 nM) did not change the frequency or the amplitude of sEPSCs (Fig. 6D , n ¼ 15: 8 onset, 4 damped, and 3 tonic cells). In contrast, CPPG (10 mM) significantly reduced the frequency and increased the PPR, without affecting the amplitude of sEPSCs (n ¼ 12: 4 onset, 4 damped, and 4 tonic cells), suggesting that endogenous mGluR modulation of spontaneous release of glutamate in NA neurons was primarily mediated by group III mGluRs.
GABA B R agonist baclofen (100 mM) reduced sEPSC frequency without affecting the amplitude (Fig. 6F , n ¼ 8: 3 onset and 5 tonic cells), consistent with effects on synaptic transmission commonly found in the CNS. These results suggest presynaptic modulatory B. L-AP4 reduced spike firing of non-onset cells (n ¼ 6), and a partial recovery was observed after washout of L-AP4. C. CPPG (10 mM), antagonist of group III mGluRs, decreased the overall spike count at lower current injections (<400 pA) but increased the overall spike count at higher current injections (>550 pA) (n ¼ 7). D. The EPSC amplitude of one NA neuron was plotted against time. The insets show the averaged EPSCs obtained under conditions of control (a), L-AP4 (b), and washout of the agonist (c). E. L-AP4 significantly reduced the amplitude of EPSCs regardless of the cell type (n ¼ 25: 8 onset, 8 damped, and 9 tonic cells). F. After washout but not during application, CPPG significantly increased the amplitude of EPSCs of the onset cells, indicating delayed endogenous activity of group III mGluRs on the modulation of EPSCs (n ¼ 23: 10 onset, 13 non-onset). G-I. Expression of group III mGluR in the NA (delineated by the red dashed line) was detected at E13-E18 (n ¼ 2 animals), and the immunoreactivity diminished in hatchlings (P1eP2, n ¼ 2 animals; P7eP9, n ¼ 2 animals). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
actions of these GPCRs on synaptic excitation in NA.
Discussion
Neuromodulation of glutamate release and excitability of NA neurons
GPCR-mediated modulation of synaptic transmission has been found in numerous central neuronal systems, and the types of GPCRs and the mechanisms underlying the modulation dramatically differ among different systems. In the NA, agonists for groups II and III mGluRs significantly reduced EPSCs independent of cell types, whereas activation of group I mGluRs did not affect EPSCs of onset NA neurons, suggesting cell type-and mGluR subtypedependent modulation of synaptic excitation in NA. In the nononset firing neurons, the modulation might be different, however, it was not pursued in this study due to the limited cell numbers in each category. The lack of effect of group I mGluRs in onset NA neurons is unlikely due to an inadequate activation of the receptors. The concentration of DHPG is at least three times higher than their EC 50 (review in Schoepp et al., 1999; Cartmell and Schoepp, 2000) , so any possible activation of their corresponding receptors is expected to be nearly saturating. Interestingly, EPSCs of NA neurons were modulated by both group II and III mGluRs regardless of cell type. Modulation of synaptic transmission by multiple mGluRs at the same synapses is not uncommon (e.g. Drew and Vaughan, 2004; review in Kn€ opfel and Uusisaari, 2008; Zheng and Johnson, 2003) . The clustering of different groups of mGluRs may account for such seemingly redundant modulation at different membrane loci, and they may exert modulation of glutamate release via different signaling pathways at different locations. Furthermore, it is possible that low density of each group of mGluRs exists on the presynaptic membrane, and simultaneous activation of multiple members from different groups can generate synergistic regulation of glutamate release. In some cases, interactions between receptors activated by different transmitters, for example, between mGluRs and GABA B Rs, also exist (Hirono et al., 2001) .
The modulation loci for mGluRs and GABA B Rs on the excitatory transmission in NA neurons seem to be presynaptic. All the GPCR agonists used in this study produced a significant reduction in the frequency but not amplitude of sEPSCs of NA neurons. These effects were consistent with previous studies (review in Cartmell and Schoepp, 2000; Schoepp, 2001; Ulrich and Bettler, 2007) , particularly with the studies in NM and NL where presynaptic modulation of transmission by these receptors has been reported (Brenowitz et al., 1998; Brenowitz and Trussell, 2001; ; Lu, Baclofen reduced spike firing of non-onset cells (n ¼ 7), and the inhibitory effect was long lasting, without recovery after washout of baclofen. C. The EPSC amplitude of one NA neuron was plotted against time. The insets show the averaged EPSCs obtained under conditions of control (a), baclofen (b), and washout of the agonist (c). D and E. Baclofen significantly reduced the amplitude of EPSCs (n ¼ 13: 6 onset, 4 damped, and 3 tonic cell), and a sustained suppression of EPSCs was observed after washout of baclofen. Expression of GABA B Rs in the chicken auditory brainstem nuclei including NA was reported previously (Burger et al., 2005). 2007; Otis and Trussell, 1996; Tang et al., 2009) . As in other systems (review in Catterall, 2000; Ulrich and Bettler, 2007) , modulation of voltage-gated Ca 2þ channels in presynaptic terminals by mGluRs and GABA B Rs is highly likely the mechanism underlying the regulation of glutamate release at NA. On the other hand, reduced excitability by mGluRs and GABA B Rs supports the notion that these postsynaptic GPCRs except for group I mGluRs reduce the overall excitation of NA neurons. The enhanced excitability of NA neurons by group I mGluRs is consistent with the inward current mediated by these receptors in many brain areas (review in Niswender and Conn, 2010) . It remains interesting to determine whether and how the presynaptic and postsynaptic GPCRs interact to regulate the output of NA neurons. In addition, it will be critical to determine the functions of GPCR modulation in NA neurons in vivo at the systems level, given that there is no strong correlation in the firing patterns between in vitro and in vivo observations (review in Grothe et al., 2004) .
Comparison of modulation of synaptic excitation between the two cochlear nucleus components, NM and NA
In NA, the glutamatergic transmission is subject to modulation by multiple groups of mGluRs. The mGluR-mediated modulation of glutamate release in NA is a striking division from the timingcoding NM neurons where such autoreceptor-mediated modulation of glutamatergic transmission is absent (Otis and Trussell, Fig. 6 . Presynaptic modulation of glutamate release by mGluRs and GABA B Rs. A1. Representative sEPSCs recorded under the conditions of control, DCG-IV (2 mM), and washout. A2 & A3. DCG-IV (2 mM) significantly reduced the frequency but not the amplitude of sEPSCs (n ¼ 8: 5 onset, and 3 tonic cells). A4. The suppression of EPSCs is associated with a reduction in paired-pulse ratio (PPR), indicating presynaptic modulation. B. L-AP4 (10 mM) significantly reduced the frequency and PPR, without affecting the amplitude of sEPSCs (n ¼ 15: 7 onset, 4 damped, and 4 tonic cells). C. DHPG (100 mM) significantly reduced the frequency and PPR, without affecting the amplitude of sEPSCs (n ¼ 19: 8 onset, 6 damped, and 5 tonic cells). D. LY341495 (200 nM) did not affect the frequency or the amplitude of sEPSCs (n ¼ 15: 8 onset, 4 damped, and 3 tonic cells). E. CPPG (10 mM) significantly reduced the frequency and increased the PPR, without affecting the amplitude of sEPSCs (n ¼ 12: 4 onset, 4 damped, and 4 tonic cells). F. Baclofen (100 mM) produced similar effects (n ¼ 8: 3 onset, and 5 tonic cells). NS: not significant. Sampled eEPSCs (normalized to the peak of the first eEPSC) used to calculate the PPRs under control and drug (red) conditions are shown to the left of the PPR panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 1996; Tang et al., 2013) . One possible interpretation for the lack of mGluR modulation is that mGluRs are not expressed on the excitatory terminals of NM neurons. An alternative but less likely interpretation is that mGluRs on presynaptic glutamatergic terminals of NM neurons might be saturated or desensitized, and therefore no further activation can be observed when exogenous agonists are applied.
Interestingly, glutamatergic transmission in both NM and NA was subject to heteroreceptor GABA B R-mediated modulation (Otis and Trussell, 1996; Brenowitz et al., 1998; Brenowitz and Trussell, 2001 ; this study). In order to engage this modulatory mechanism under physiological conditions, synaptically released GABA needs to diffuse relatively long distance (spillover) to activate GABA B Rs on the excitatory terminals. It is normally difficult for transmitter molecules to reach their receptors at distance in order to initiate crosstalk between different types of synapses (Barbour and H€ ausser, 1997) . However, spillover of transmitter molecules could be facilitated under certain circumstances. NM neurons are well known to have large glutamatergic synapses covering more than half of the cell body surface (Ryugo and Parks, 2003) . GABAergic terminals innervating NM neurons are presumably located nearby these large glutamatergic terminals (Lachica et al., 1994) . Such morphological features may facilitate interactions between the glutamatergic and GABAergic pathways and allow presynaptic GABA B Rs on the glutamatergic terminals to be activated by GABA spillover. In contrast, at NA, because both glutamate and GABA terminals are likely to be small bouton-like structures, activation of GABA B Rs on glutamate terminals may require relatively short distance of traveling of GABA molecules. In other words, we speculate that at least some of the glutamate and GABA synapses on NA neurons are spatially close to each other in order for spilled GABA to reach their receptors on the glutamatergic terminals and implement neuromodulatory actions.
The modulation of glutamate release in NA by both mGluRs and GABA B Rs may bear functional significance. Because group II mGluRs have high affinity of binding glutamate (review in Cartmell and Schoepp, 2000) , a tonic activation of these receptors by spontaneous spike-evoked release of glutamate may exist limiting the basal level of glutamate release at NA. This may not be detectable in a slice preparation (Fig. 6D) , because the auditory nerve fibers, which are severed from their cell bodies in the spiral ganglion in our brain slice preparations, do not spontaneously fire action potentials in vitro. However, the chicken cochlear ganglion neurons and the auditory nerve fibers are considerably active in vivo, with a high spontaneous firing rate of 86 Hz (Salvi et al., 1992) and~50 Hz (Crumling and Saunders, 2005) , respectively. An even higher rate is expected when sound stimuli are present because during acoustic stimulation, the firing rate of the cochlear ganglion neurons and the auditory nerve fibers can be up to several times higher, with a mean saturation firing rate of 327 Hz (Salvi et al., 1992) and~400 Hz (Crumling and Saunders, 2005) , respectively. At high-rate spiking activity, clearance of glutamate may be well delayed (Scanzizni et al., 1997) , rendering possible the presence of glutamate in the synaptic cleft and surrounding areas at a level that is sufficient in activating mGluRs and exerting a tonic regulation on its own release. While mGluR autoreceptor-mediated regulation of glutamate release provides a feedback control mechanism, GABA B Rmediated modulation may be recruited as the GABAergic pathway is intensively activated under high sound intensity conditions. Both modulations can regulate the input-output functions as well as other non-intensity coding functions of NA neurons. In addition, modulation of the inhibitory input to NA by the same GPCRs, which is likely but yet determined, will inevitably affect the integration of synaptic inputs and thus the output of NA neurons.
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